The alphatogaviruses, of which Sindbis is a member, are capable of establishing productive infection in cells of both vertebrate and invertebrate hosts (arthropod-borne viruses) (10) . Infection ofcultured cells ofthese phylogenetically unrelated hosts has revealed striking differences in the response of the two cell types to Sindbis virus infection, and to some extent these differences have been shown to parallel processes occurring in nature (1, 4, 8, 9, 16) .
Sindbis virus infection ofvertebrate cells leads to the rapid development of an extensive cytopathic effect, and these cells produce maximum yields of virus in 12 to 14 h after infection. Mosquito (invertebrate) cells, on the other hand, show no such cytotoxic response to virus infection even though they produce the same number of progeny particles per cell during the first 15 h of infection. Although all cells in the invertebrate culture are infected by Sindbis virus as determined either by infectious center assay or by immunofluorescence, the cells survive this initial "acute" infection to produce a culture of chronically or persistently infected cells (12) .
The initial acute infection of the invertebrate cells and subsequent development of the persistently infected culture do not affect the rate of growth of these cells or their morphology (8, 12, 16) . We have previously demonstrated that the process of virus morphogenesis in the infected invertebrate cells differed considerably from the same process as it is known to occur in the vertebrate culture (4) . The budding of virions from the cell surface, charactexistic of infected vertebrate cells, was rarely observed in infected mosquito cell cultures. The majority of Sindbis virions produced in mosquito cells were found in vesicles and were released later by fusion of the vesicle with the cell surface. Viral nucleocapsids were found in the cytoplasmic vesicles in various stages of envelopment, suggesting that virus assembly also takes place in these internal structures. The localization of some aspects of the viral reproductive process to restricted areas of the cell cytoplasm might protect the invertebrate cells from toxic agents, produced as a result of virus infection, which cause the death of the infected vertebrate cells.
Persistently infected mosquito celLs produced less virus per unit of time than acutely infected cells (5, 12) . Less than 1% of the cells in a persistently infected culture could be demonstrated to be virus producing (in an infectious center assay) or to contain virus proteins detectable by immunofluorescence (12) . Although 99% of the cells in the mosquito culture appeared virus negative by these parameters, the cultures completely excluded the production of superinfecting homologous virus, suggesting that the cells contained the viral infornation essential for the establishment of the homologous interference. When persistently infected cells were passaged in medium containing anti-Sindbis serum, they became sensitive to superinfection by Sindbis, indicating that they had been "cured" (5, 12) . These results suggested that the maintenance of the persistent state in the inverte-52 RIEDEL AND BROWN brate culture was dependent upon the presence of extracellular virus. The observations that virus morphogenesis occurred in vesicles in the cytoplasm and that these cells were resistant to superinfection were combined to formulate a model explaining the maintenance of the persistent state in the invertebrate culture (12) . The release of the virus-producing vesicles into the surrounding medium results in the production of cured cells. Reinfection of these cells by extracellular virus then reinitiates the acute phase of infection. Although this model provided possible explanations from some aspects of the phenomena of persistent virus infection in mosquito cell cultures, the infected cells still seemed to possess some mechanism for specifically inhibiting virus synthesis without interfering with normal cell function. Other studies have shown that neither defective interfering particles (6) nor temperature-sensitive mutants (13) can account for this suppression. Attempts to detect classical interferon in persistently infected cultures in this laboratory and in the laboratories of others (16) have been unsuccessful. In this report we describe the discovery of an antiviral activity associated with persistently infected cultures which may be responsible for the specific inhibition of Sindbis virus production.
MATERIALS AND METHODS
Cells, virus, and media. Aedes albopictus cells were provided by Sonya Buckley (Yale Arbovirus Research Unit, New Haven, Conn.) and were cultured in the medium of Mitsuhashi and Maramorosch (7) as described previously (11, 12) . BHK-21 cells were provided by Peter Faulkner (Queens University, Ontario, Canada) and were cultured in Eagle medium (2) as described previously (11, 12 (11, 12) . Conditions of passaging persistently infected mosquito cells have been described (12) . The persistently infected mosquito cells employed in this study had been infected and passaged for 6 months.
Assay of the percentage of cells in an infected mosquito cell culture capable of releasing virus was carried out by the infectious center assay described previously (12 (12) were suspended in their growth medium by vigorously shaking the culture flask. The cell suspension (5 x 106 cells in 10 ml) was then transferred to a sterile dialysis sack 2.5 cm wide (flat width). The dialysis sack was then placed in a vessel containing complete mosquito medium in a volume equivalent to that of the cell suspension. The vessel itself was small enough so that the dialysis sack was completely covered with the surrounding medium. The vessel was then incubated at 28°C for 72 h with periodic agitation to keep the cells in suspension. An equivalent number of uninfected cells were treated in identical fashion to serve as a control in subsequent assays. After the incubation-dialysis period, the media surrounding the dialysis bags were collected. These media were tested for virus contamination by plaque assay on Table 1 , experiments A and B. The yield of virus produced in the first 24 h after infection was nearly identical in both cultures. At 48 and 72 h, however, striking differences in the amounts of virus produced from the two cell cultures were found. The cells treated with the dialysate of the persistently infected culture did not show an increase in the amount of virus released into the medium. By contrast, the culture treated with the dialysate obtained from uninfected cells continued to produce virus. Thus, at 48 h, the treated culture had produced only 16% of the amount of virus produced by the control, and at 72 h this value dropped to less than 1%. The inhibition of virus production in the treated culture could be explained by the transfer through the dialysis membrane into the new medium of a low-molecular-weight factor produced by the persistently infected culture which is capable of inhibiting Sindbis virus replication.
That the inhibitory activity in media obtained from persistently infected cell cultures did not significantly reduce virus production during the first 24 h suggested that a period of exposure to this factor was required. To test this possibility, cultures of A. albopictus cells were exposed to the dialysate of persistently infected or uninfected mosquito cells for 5, 24, and 48 h before infection with Sindbis virus (Table 1 , experiments C to H). At the end of these periods, the cells were washed and infected as described above and returned to the respective dialysate as before. The results of these experiments show Table 1 , line F, or medium of uninfected cells, as in Table 1 , line E. The cultures were washed and infected at a multiplicity of infection of 500. The number of infectious centers produced was determined at 24 h after infection. The results of this experiment are presented in Table 3 . Pretreating cells with virus-free medium obtained from persistently infected cells dramatically reduced the number of cells that could be determined to be actively producing virus in the infectious center assay at 24 h.
Appearance of antiviral activity in the media of mosquito ceil cultures after infection with Sindbis virus. Cultures of A. albopictus cells were infected with a multiplicity of infection of 500, and at various times after infection the media were tested for the presence of the antiviral factor (Fig. 1) . The level of antiviral activity released from the infected mosquito cultures was initially detected in the culture fluid beginning at 48 to 72 h. The level of antiviral activity then increased progressively over the 12-day period tested. A progressive increase in extracellular antiviral activity was detected in a number of these experiments; however, the relative amount of the antiviral activity found in a particular culture at a given time after infection was variable (data not shown). The amounts of extracellular antiviral activity detected in the first 12 days after infection of a culture were low compared to the levels found in cultures 6 months after infection (see Table 1 ), suggesting that infected cells may increase production of this factor with time. Disruption of the persistently infected cells by Dounce homogenization prior to dialysis did not increase the assayable levels of the antiviral activity (data not shown).
Effect of dilution on the activity of the antiviral agent. In an attempt to determine the relative amount of antiviral activity associated with the dialysate of the persistently infected cell culture employed in the initial experiments (Table 1) , the medium was serially diluted, and the dilutions were tested for their ability to reduce yields of virus produced in 72 h, using the 24-h pretreatment procedure described in Table 1 . In each case the activity of the diluted persistently infected media was compared to to that of similarly diluted media of uninfected cultures. The effect of dilution is shown in Fig. 2 . As can be seen, the antiviral activity was lost in a progressive and linear fashion with dilution until it was not detectable by this assay procedure at a dilution of 1:10,000.
Effect of temperature and pH on the activity of the antiviral agent. A characteristic of interferons is that they are uniformly insensitive to treatment at high temperature and exposure to low pH (3). To After the enzyme treatment, the antiviral activity of the treated media was compared with those of medium treated with only the buffer in which the stock enzyme was prepared and of untreated, uninfected cell culture medium. Among enzymes tested (protease K, trypsin, chymotrypsin, phospholipase C, alpha and beta galactosidase, RNase, and DNase), only protease K was found to reduce the antiviral activity of the persistently infected cell culture medium (Table 5) .
Effect of antiviral antiserum on the activity of the antiviral agent. The medium of a Sindbis virus-persistently infected cell culture was treated with antiserum prepared against extracts of Sindbis virus-infected BHK-21 cells in an attempt to determine whether the antiviral agent was a virus-coded antigen produced in the vertebrate host cell system. Antiserum prepared as described in Materials and Methods was added to the medium of the persistently infected (Sigma Chemical Co.) at a final concentration of 50 pg/ml for 2 h at room temperature. The medium was then dialyzed against an equal volume of complete mosquito medium, and the dialysate was employed in the standard assay as described for Table 1 , line F (24-h pretreatment). AA, A. albopictus cells.
cell culture at a concentration of 1,000-fold higher than required to inactivate 99% virus infectivity in 15 min at room temperature. The invertebrate culture medium was incubated with the antiserum for 2 h at room temperature and dialyzed against an equal volume of complete mosquito medium overnight at 28°C. The dialysate was tested for antiviral activity by using the test system described above, and the result was compared to non-antiserum-treated medium of persistently infected cells as well as treated and untreated media of uninfected cells (Table 6 ). It can be readily seen that the Sindbis virus-infected BHK cell extract did not stimulate the production of an antibody in rabbits that is capable of inactivating the antiviral agent produced in Sindbis virus-infected mosquito cells. Effect of the antiviral agent on the attachment of Sindbis virus to BHK-21 and A. albopictus cells. To test the possibility that the antiviral agent produced in Sindbis virusinfected mosquito cells might function by preventing a very early step in the interaction of Sindbis virus with host cells, the kinetics of attachment of 'P-labeled Sindbis virus to identical monolayers of either BHK-21 or A. albopictus cells in the presence or absence of the agent was tested. 3P-labeled Sindbis virus was prepared and purified as described in Materials and Methods. An equal number of counts of the purified virus was added to monolayers of BHK-21 and A. albopictus cells, which had been pretreated for 24 h with the medium containing the antiviral agent or media from uninfected cell cultures. At various times after addition of the virus, the representative monolayers were washed four times with phosphate-buffered saline, dissolved in a 5% sodium dodecyl sulfate solution, and subsequently counted for total adsorbed radioactivity (Fig. 3) . Pretreatment of mosquito or BHK-21 celLs with antiviral agents was found to have no effect on the attachment of Sindbis virus to those cells.
Effect of the antiviral agent on the production of other togaviruses in A. albopic- (8, 9, 11, 15) . DISCUSSION We have found that A. albopictus cells persistently infected with Sindbis virus produce an activity that is capable of specifically reducing the amounts of virus released into the media during the acute phase of infection of these cells. In this report we have presented experiments providing preliminary information on the nature of this agent. The antiviral agent is of low molecular weight. It will pass through the pores of a dialysis membrane, suggesting it has a molecular weight lower than 12,000 to 15,000. In other experiments, it was found that the agent would not pass through a collodion thimble either be- cause it is too large or because it becomes bound to the nitrocellulose of which the membrane is composed (data not shown). The antiviral activity appears in the medium of a persistently infected culture at levels sufficient to detect confidently with our rather insensitive assay procedure at 48 to 72 h after infection of the A. albopictus cells with Sindbis virus. This period lags behind that decrease in virus synthesis typically found in an infected culture as it passes from the acute to the persistent phase of infection (12) . It is important to point out, however, that we are assaying only for the extracellular antiviral activity. It is possible that this factor is produced early after infection in levels sufficient to establish the transition from acute to persistent state of infection and that this agent is bound to its site of action. That extracellular levels of the agent could not be increased by disruption of the cells may support this possibility. The yields of antiviral activity detected in this experiment (Fig. 1 ) increased in a linear fashion after the initial 3-to 4-day lag period. The amount of the activity released into the medium was sufficient to reduce acute phase virus production by 90% in our standard assay procedure at 12 days after infection. The extracellular levels of this agent must continue to increase beyond the 12-day period employed in this study, since the media from cells infected for a period of 6 months could reduce virus production to 0.001% of normal levels in the same assay procedure. This may imply that the activity is produced in amounts in excess of what is actually needed to suppress virus synthesis to levels found in persistently infected cultures (6, 12) . We have shown previously that the levels of virus produced by a Sindbis virus-infected culture and the percentage of infectious centers detectable in that culture stabilize at a rather constant low level at 20 days after infection (12) .
Pretreatment of cells with the antiviral agent was found to prevent the cell population from registering the high percentage of infectious centers found normally during the acute phase of infection, reducing this percentage to only about 10% of levels normally attained in the first 24 h after infection (12) . The agent seems to be produced only by persistently infected mosquito cells and is specific in its antiviral effects for these cells. The fact that persistently infected mosquito cells can be superinfected with nonhomologous togaviruses, resulting in yields of virus numbers equivalent to those obtained from an equal number of uninfected cells, as demonstrated in this laboratory (12; Table 1 ) and in the laboratories of others (8, 15) , suggests that the agent is specific for Sindbis virus. The agent differs strikingly from interferon obtained from vertebrate cells, therefore, not only in that it is sensitive to heat, but in that it is virus specific as well as cell specific in its activity (3) .
In an attempt to determine if the activity was of viral origin, we found that it could not be inactivated by antiserum produced against homogenates of Sindbis virus-infected BHK-21 cells. These results are difficult to interpret because of the small size of the antiviral agent. The susceptibility of the agent to protease K suggests it is in part protein. It is possible that it is synthesized in some quantity in the vertebrate cells but that its low molecular weight precludes its being an active immunogen. Alternatively, the component may be a protein species of viral origin that is subject to modification (such as glycosylation) by host-specified enzymes. Thus the mosquito-produced peptide may be sufficiently different because of this modification that it will not be recognized by antibody produced against the same polypeptide species in a vertebrate host.
Ter Meulen and Martin (17) have recently described a low-molecular-weight, labile inhibitory agent produced by Vero celLs persistently infected by canine distemper virus. This agent was found to be capable of inhibiting the growth of homologous virus and closely related measles virus. A number of other virus types (many extremely sensitive to animal interferons) were not affected in their ability to grow in the presence of the antiviral activity. The antiviral activity produced by canine distemper virus-infected cells was inactivated by antiserum prepared against the virus, in contrast to the insensitivity of the agent produced by Sindbis virus-infected mosquito cells.
Presently we know little about the mode of action of the antiviral agent produced by persistently infected mosquito cells. It does not appear to affect the attachment of virus to the surface of mosquito or BHK-21 cells. Its mode of action must, therefore, be at some later stage in the infectious cycle. Preliminary attempts to determine if the effects of the activity could be demonstrated in an infectious RNA assay have been difficult to interpret. When mosquito cells were pretreated with the agent and infected with an amount of RNA equivalent to that given to an equal number of untreated cells, the pretreated cells produced more virus (6 x 10' PFU/ml) at the end of a 24-h incubation period than an equal number of untreated cells (2 x 103 PFU/ml). Although total yields in both assays were much lower than obtained during infection with intact viruses, these results may imply that the antiviral agent affects membrane permeability or transport of macromolecules such as RNA. We are currently testing this possibility. Should this be true, it may still in no way be related to the ability of the agent to reduce virus yields during the acute phase of the infection.
We are currently conducting experiments directed at the purification and chemical characterization of the antiviral activity produced by Sindbis virus-infected mosquito cells. We are also attempting to determine whether the activity is of viral or host origin. We wish ultimately to determine in detail the mechanism of action of this antiviral activity, to determine if the factor is related in an evolutionary way to interferon or if it may be the agent responsible for homologous interference.
